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Abstract 9 
Clinoptilolite, an abundant and low cost natural zeolite, activated by sulphuric acid has 10 
been shown to be useful for treating coal seam gas (CSG) co-produced saline water. This 11 
paper aims to further examine the effect of the acid activation on changes in physicochemical 12 
properties of clinoptilolite which underpin the treatment of CSG saline water by 13 
clinoptilolite. Microelectrophoresis was applied to measure surface (zeta) potential of 14 
clinoptilolite particles before and after the acid activation as function of pH. The change in 15 
the surface potential was theoretically analysed applying the theory on the electrical double 16 
layers at solid-solution interfaces. The proton donor-acceptor reactions occurring 17 
simultaneously on amphoteric alumina and silica sites of clinoptilolite were considered. The 18 
mass balances were applied to link the zeolite active sites with the zeolite charge and 19 
potential. Comparing the model with the experimental data reveals the important role of the 20 
dealumination process occurred by the acid activation. The dealumination is the main reason 21 
for the increase in the surface charge and cation exchange capacity of clinoptilolite after the 22 
acid activation due to the increased defects in the crystal structure/lattice, which result in 23 
increasing numbers of charge vacancies. These results support our previous findings on the 24 
effectiveness of the acid activation of clinoptilolite in treating saline CSG co-produced water. 25 
Keywords: zeolite, clinoptilolite, surface potential, acid activation, saline water 26 
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1. Introduction 27 
Zeolites are micro-porous and hydrated alum-silicate crystalline minerals that contain 28 
alkali and alkaline earth metals. Their frameworks are composed of [SiO4]4- and [AlO4]5- 29 
tetrahedra, which are linked together with a shared corner to form cages connected by pore 30 
openings of definite sizes. The pore size of zeolite ranges from 0.3 to 1 nm [1]. Each AlO4 31 
tetrahedron in the framework bears a net negative charge which is balanced by additional 32 
non-framework cations like sodium [Na+], potassium [K+], or [Ca2+]. The negative charge on 33 
the lattice is neutralised by positive charge of the cations located within the material pores. 34 
These univalent and/or bivalent metal cations may be replaced via ion-exchange to other ions. 35 
Due to electrostatic forces it is not possible to make an Al-O-Al bond. They are made up of 36 
“T- atoms” which are tetrahedrally bonded to each other with oxygen bridges. A general 37 
formula of zeolite can be written as M2/mO·Al2O3·xSiO2·yH2O, where M is the charge 38 
balance cation, m is the valence of the metal cation, x is generally valence of the menumber 39 
of water molecular in the voids of zeolites [2]. Chemical composition of zeolites includes an 40 
amount of extra frame cations, which stabilise the electrical charge in the aluminium centred 41 
tetrahedral units. 42 
Clinopotilolite is the most widely distributed zeolite in nature and is widely used in the 43 
world [3]. It has a high Si/Al ratio with high thermal stability, resistance against radiation. It 44 
is also relatively stable under acidic conditions. The clinoptilolite samples from several 45 
deposits all over the world have shown great capability for cation exchange due to its optimal 46 
natural structure [4]. Unlike synthetic zeolites with just one type of non-framework cation, 47 
natural zeolites contain several types of cations such as Ca2+, Na1+, K+, and Mg2+ which are 48 
also the most common cations in clinoptilolite [5]. The variations in the purity and 49 
composition of natural clinoptilolite make a detailed study of their physicochemical 50 
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properties indispensable to determine the potential applications. This information is also 51 
essential for designing pre-treatment and activation options to modify the nature zeolite to 52 
improve its sorption and ion exchange properties. For instance, it is shown that the Coal 53 
Seam Gas (CSG) co-produced saline water can be effectively treated using a natural zeolite 54 
of clinopotilolite type [6]. The sodium adsorption ratio of CSG saline water has been found to 55 
be significantly decreased using clinopotilolite. Furthermore, the water quality can be 56 
improved even further by activating clinopotilolite with sulphuric acid. 57 
This paper aims to investigate how sulphuric acid activation can modify the 58 
physicochemical properties of on clinoplilolite which underpin the improved treatment of 59 
CSG saline water. The research particularly focuses on electrokinetic properties of fine 60 
clinoplilolite particles in an aqueous solution which can play a significant role in our 61 
understanding of the adsorption mechanism of organic and inorganic species at the solid-62 
solution interface [7-10]. The related mechanisms can explain how the electrokinetic 63 
properties of zeolites control aggregation, coagulation and dispersion of particles in 64 
suspensions, and provide detailed information about the clay particles, their interactions with 65 
the surrounding medium, and the electrical properties of particles [11]. This paper makes 66 
further contribution to general knowledge base on natural zeolite since no reports on surface 67 
potential of acid activated clinoplilolite are available in the literature although several studies 68 
have been conducted on surface potential of natural zeolite and modified zeolites with 69 
inorganic salts and organic molecules [12-17].  70 
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2. Experimental 71 
2.1 Materials 72 
The natural zeolite (Escott Zeolite) sample used in this study was provided by Zeolite 73 
Australia Ltd (Werris Creek, New South Wales, Australia). The crystal phases of the zeolite 74 
samples were analysed by X-Ray Diffraction (XRD) using a Rigaku Miniflex Instrument and 75 
cobalt radiation (Rigaku Corp., Japan). The particle size was analysed using a Malvern 76 
Mastersizer 2000 size analyser (Malvern Corp., UK). Analytical grade sulphuric acid 77 
(H2SO4) (Sigma-Aldrich, Australia) was used to treat and activate the natural zeolite sample. 78 
The acid concentrations of the solutions were chosen as 0.01 M, 0.1 M, 1 M, 2 M, and 5 M, 79 
and prepared with de-ionised (DI) water which was freshly purified by using a setup 80 
consisting of a reverse osmosis (RO) unit and an Ultrapure Academic Milli-Q water system 81 
(Millipore, USA). The DI water has a specific resistance of 18.2 MΩcm-1 at room 82 
temperature (23 oC). Additionally, analytical purity NaCl, NaOH (sigma-Aldrich, Australia), 83 
HCl (Sigma-Aldrich, Australia), and NaOH (Sigma-Aldrich, Australia) were used to prepare 84 
various salt solutions using the DI water. 85 
2.2 Experimental methods and procedures: Acid activation 86 
The acid activation tests of the natural zeolite sample were carried out in a 500 mL of 87 
beaker which was mounted on a magnetic stirrer, and a magnetic bar for the agitation. A 88 
suspension of 30% by weight in 0.01 M, 0.1 M, 1 M, 2 M, and 5 M H2SO4 solutions was 89 
prepared, and mixed at 500 rpm for 30 min. This solid concentration was the best 90 
concentration for the treatment of CSG saline water [6]. Finally, the suspensions were 91 
separated by a suction filter system, and then the modified zeolite samples were dried in an 92 
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oven at 80 ºC for 6 h. All modified zeolite samples were collected for performing the zeta 93 
potential measurements.  94 
2.3 Experimental methods and procedures: pH profiles 95 
The pH measurements of the zeolite suspensions were carried out in order to obtain the 96 
buffer pH of the zeolite sample. In this regard, the suspensions of 0.5% by weight were 97 
prepared to profile the pH of the suspensions at an initial pH of 2 (acidic), 5.6 (near-to- 98 
neutral), and 11.5 (basic) as a function of time. The DI water mentioned above was used in 99 
preparing the neutral pH liquid buffer environment. The suspensions were stirred by using a 100 
magnetic stirrer at room temperature (23 oC) for 2 h, and the data were collected for every 15 101 
s. Finally, the pH profiles of the suspension at each pH value were obtained until the pH 102 
values reached the plateau. 103 
2.4 Experimental methods and procedures: Zeta potential measurements 104 
The zeta potential measurements of the natural and the acid-activated zeolite samples 105 
were determined using a Zeta Potential Analyser (ZetaPlus, Brookhaven, US), which 106 
equipped with an Uzgiris cell. First, the zeolite samples were ground using a ceramic mortar 107 
and pestle. Then, the ground samples were screened through a 38 µm sieve, and the 108 
undersized fraction was conditioned in DI water (with a solid ratio of 1%). For pH 109 
adjustments, the suspension was mixed for about 5 min in order to reach equilibrium after 110 
adding the desired amount of 0.1 M HCl or 0.1 M NaOH. Before each experiment, the 111 
suspensions were kept for 3 min to allow the coarse particles to settle down. Then, a small 112 
amount of suspension was taken from the top of the suspension and transferred to the 113 
measurement cell. Finally, twenty measurements at each pH value were performed, and the 114 
average value of the measurements was obtained for the zeolite particles. Finally, the 115 
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Smoluchowski equation of the ZetaPlus built-in software was used to calculate zeta potential, 116 
ζ, from the mobility data as follows:  117 
0
= Uηζ
εε
 (1) 118 
where 78ε =  is the solution (water) dielectric constant, 12 2 -1 -10 8.85418 10 C J mε −= ×  is the 119 
permittivity of vacuum, η is the viscosity, and U is the electrophoretic mobility.  120 
3. Theoretical Analysis 121 
3.1 Zeolite surface dissociation versus pH of aqueous solutions 122 
Most of zeolites can be considered as a permanently charged mineral because they 123 
usually possess a net negative structural charge resulting from isomorphic substitution of 124 
cations in crystal lattice [12]. The most common condition is that Al3+ substitutes Si 4+ as a 125 
main element in zeolite structure. Meanwhile, some exchangeable cations such as Na+, K+, 126 
Ca2+, and Mg2+ enter into the zeolite channels to compensate the positive charge deficiencies 127 
of zeolite lattice. Therefore, natural zeolites have little or no affinity for anionic species due 128 
to this negative charge [16]. Besides, the broken bonds at Si-O-Si (siloxane group) of zeolite 129 
particle surface which generated during the grinding process can be also considered the 130 
reason of the negative surface charge of zeolite (Figure 1).  131 
3.2 Linkage of zeolite active sites and surface potential 132 
Traditionally, the surface potential and surface dissociation as a function of solution pH 133 
can be linked through the Gouy-Stern-Grahame (GSG) double-layer theory [18]. In this 134 
theory, the electrical double layer is divided into two regions: 1) the compact region very near 135 
the solid surface, where the ions strongly interact with the solid surface under the restricted 136 
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conditions imposed by the size and charge of ions and molecules, and 2) the diffuse region, 137 
where the distributions of counter-ions and co-ions are controlled by their electrostatic 138 
(Coulomb) interactions with the solid surface and their thermal (Brownian) diffusion. The 139 
diffuse layer can be predicted by the Poisson-Boltzmann equation (PBE), which relates the 140 
potential of ions with their position from the solid surface. For the particle size used in the 141 
surface potential measurements by micro-electrophoresis, the 2D solution of PBE can be used 142 
and described in term of the charge density, dσ , of the diffuse layer as follows  [18]: 143 
( ) 0sgn 2000 exp 1i dd d i
B
ezRT c
k T
ψ
σ σ εε
  
= − − −  
  
∑  (2) 144 
where dψ  is the potential of the outer Helmholtz plane (OHP) which the boundary between 145 
the compact region and the diffuse region, ic  is the molar concentration of  ion species i with 146 
valence iz in the bulk solution, sgn describes the sign function, 
191.60219 10 Ce −= ×
 is the 147 
charge of an electron, -1 -18.31439JK molR =  is the universal gas constant, T is the absolute 148 
temperature, 23 -11.38066 10 JKBk −= ×  is the Boltzmann constant and the summation is 149 
calculated for all charged species in the solution. 150 
The GSG theory can be further simplified to link the surface potential measurements 151 
and the surface dissociation vs. pH as follows: Firstly, it is assumed that the shear surface 152 
coincides with the OHP and, therefore, we have dζ ψ= . Secondly, the charge of the solid 153 
surface and Stern layer of the compact region can be combined to describe the net surface 154 
charge density as 0σ , allowing the condition of electrical neutrality to be expressed by:  155 
0 0dσ σ+ =   (3) 156 
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The net surface charge, 0σ , can be modelled by considering the proton donor-acceptor 157 
reactions occurring simultaneously on amphoteric alumina and silica sites, 158 
( )AOH where A can be either Al or Si−  of natural zeolite as expressed by the following 159 
dissociation reactions (Figure 1): 160 
- +AOH     AO +H→− −←  (4) 161 
+
2AOH       AOH+H
+
→
− −←  (5) 162 
The surface charge density is calculated as follows: 163 
( )+ +0 2 2 BAlOH AlO SiOH SiOF nσ − −       = − + − −         (6) 164 
where 4 19.64845 10  C molF −= ×  is the Faraday constant, the squared brackets describe the 165 
molar concentration of the amphoteric surface sites and the last term describes the molar 166 
concentration of “permanent” negatively charged sites of the zeolite surface (These negative 167 
sites are inherently available at the surface, but do not have the amphoteric nature of alumina 168 
and silica).    169 
The mass balance equations for these reactions with the dissociation constants, K
−
 and 170 
K +  can be described as follows: 171 
( )
[ ]
- +AO H
AOH
saK
−
  
=   (7) 172 
[ ] ( )+
+
2
AOH H
AOH
saK+ =
  
 (8) 173 
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where ( )+Hsa  is the (surface) activity of hydrogen ions in the compact region. The ions near 174 
the zeolite surface have different activity from its counterpart in the bulk solution, but can be 175 
linked by the Boltzmann equation. For example, for hydrogen ions in surface reactions 176 
described by Eqs. (4) and (5) the Boltzmann equation gives: 177 
( ) ( ) ( )+ + 0H H exp exp ln10s b
B
e
a a pH y
k T
ζ 
= − = − − 
 
 (9) 178 
where 0
B
ey
k T
ζ
≡  is the dimensionless zeta potential. The activity of hydrogen in the bulk in 179 
Eq. (9) is linked with the solution pH by ( )10log bpH a H + = −   . Likewise, the surface 180 
dissociation constants, K, of the surface reactions described by Eqs. (4) and (5) can be linked 181 
with their pK values by { }+
2
10A AOHlogpK K+ = −  and { }10A AOlogpK K− −= − . 182 
The surface concentration of the surface sites in Eq. (6) can be calculated from the mass 183 
balances for the surface reactions described by Eqs. (4) and (5), and the surface sites, giving 184 
( ){ } ( ){ }- - +Al0 0Al Al AlAlO 1 exp ln10 exp 2 ln10 2
n
pK pH y pK pK pH y
−  = 
+ − − + + − −
 (10) 185 
( ){ } ( ){ }- - +Si0 0Si Si SiSiO 1 exp ln10 exp 2 ln10 2
n
pK pH y pK pK pH y
−  = 
+ − − + + − −
 (11) 186 
( ){ }
( ){ } ( ){ }
- +
- - +
Al 0Al Al+
2
0 0Al Al Al
exp 2 ln10 2
AlOH
1 exp ln10 exp 2 ln10 2
+ − −
  = 
+ − − + + − −
n pK pK pH y
pK pH y pK pK pH y
 (12) 187 
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( ){ }
( ){ } ( ){ }
- +
- - +
Si 0Si Si+
2
0 0Si Si Si
exp 2 ln10 2
SiOH
1 exp ln10 exp 2 ln10 2
n pK pK pH y
pK pH y pK pK pH y
+ − −
  = 
+ − − + + − −
 (13) 188 
where Aln and Sin  are the total surface concentration (density) of the alumina and silica 189 
amphoteric sites on the zeolite surface. Inserting Eqs. (10) - (13) into Eq. (6) and rearranging 190 
gives 191 
( )
( )
( )
( )
Al Al Al 0 Si Si Si 00
B
Al Al 0 Si Si 0
sinh sinh
1 cosh 1 coshA
n y y n y y
n
eN y y y y
δ δσ
δ δ
− −
= + −
+ − + −
 (14) 192 
where Bn is the total surface concentration of permanent negatively charged sites on the 193 
zeolite surface. The scaled “Nernst” potentials for the alumina and silica sites in Eq. (14) are 194 
defined by  195 
( )Al Alln10y pH pH= −  (15) 196 
( )Si Siln10y pH pH= −  (16) 197 
where AlpH  and SipH  are the isoelectric points of the alumina and silica sites, which are 198 
defined as follows: 199 
( )-Al Al Al / 2pH pK pK += +  (17) 200 
( )-Si Si Si / 2pH pK pK += +  (18) 201 
The other two parameters in Eq. (14) are defined as follows: 202 
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( )-Al Al /2
Al 2 10
pK pKδ +− −= ×
 (19) 203 
( )-Si Si /2
Si 2 10
pK pKδ +− −= ×
 (20) 204 
Substituting Eqs. (14) and (2) into Eq. (3) gives the following useful equation linking 205 
surface potential and surface dissociation parameters, i.e., 206 
( ) ( )
( )
( )
( )
( )
Al Al Al 0 Si Si Si 00
0 B
0 Al Al 0 Si Si 0
sinh sinh2
exp 1
sgn 1 cosh 1 coshi i
n y y n y yRT
z y n
F y y y y
δ δκεε β
σ δ δ
− −
− − = + −   + − + −
∑  (21) 207 
where 
2 2
0
1000 i iF c z
RT
κ
εε
=
∑
 is the Debye constant. At 25 oC, the Debye constant (in the unit 208 
of nm-1) can be calculated as 3.288 Iκ = , where the solution ionic strength, 2 / 2i iI c z= ∑  209 
is measured in the unit of mol/L. The new parameter in Eq. (21) is described as /i ic Iβ = . 210 
For symmetric salts like NaCl or KCl, we have 1iβ =  for both anions and cations of the salts. 211 
Knowing the dissociation parameters and amphoteric site densities of the zeolite surface, i.e..212 
Al Si BAl Al Si Si, , , , ,  and pK pK pK pK n n n+ − + − , Eq. (21) can be solved to obtain the zeta potential 213 
as a function of pH. Alternatively, knowing the zeta potential as a function of pH by 214 
measurements, Eq. (21) can be used to the fit the model with the experimental data to obtain 215 
the seven model parameters. This alternative approach is followed and discussed in the 216 
Results and Discussion section. 217 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
13 
 
4. Results and Discussion 218 
4.1 Physical and chemical properties of zeolite particles 219 
The XRD results (Figure 2) show that clinopotilolite and quartz are the main minerals 220 
of the sample. The chemical composition of the sample provided by the supplier is presented 221 
in Table 1. The exchange cations of the sample are Na+, K+, Ca2+ and Mg2+. The first two 222 
cations are predominant. The total cation exchange capacity (CEC) of 119 meq/100g was 223 
determined (Cooper 2012). Chemical composition of the received zeolite sample is shown in 224 
Table 1. The zeolite sample was first ground (before the acid activation) using a set of 225 
ceramic mortar and pestle for 0.5 h. The particle size distribution is shown in Table 2.  226 
4.2 pH profiles of natural zeolite versus time 227 
pH profiles of zeolite are an important parameter for the surface dissociation as well as 228 
the environmental and industrial applications. In this part of the study, the chemical 229 
behaviour of natural zeolite suspension in natural, acidic, and basic medium was investigated. 230 
The experiments were performed with  2.5 g natural zeolite sample in 50 mL solution (5 wt% 231 
suspension) at an initial pH of 2 (acidic), 5.6 (near-to-neutral), and 11.5 (basic) as a function 232 
of time. The suspension was stirred by using a magnetic stirrer at room temperature for 2 h, 233 
and the data were collected for every 15 s. 234 
Figure 3 shows the pH profiles of natural zeolite samples. As seen from Figure 3, in the 235 
case of neutral pH, after adding natural zeolite into DI water (pH = 5.6), the pH value of the 236 
zeolite suspensions rapidly increased to 8.02 in the first 2 min. This sharply pH increase can 237 
be attributed to the rapid adsorption of H+ ions in aqueous medium. After 2 min, a very slow 238 
decrease of the pH values was observed until the end of 2 h where it reached a stabilisation at 239 
around pH = 7.13. This result can be explained that H+ in water adsorbed onto the negative 240 
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charged zeolite surface, therefore, it also acted as a potential determining ion (PDI) in the 241 
electrical double layer to provide electro-neutrality for the first 2 min. Furthermore, the H+ 242 
ions exchanged with some of the cations in the lattice responsible for the consumption of H+ 243 
ions in the suspension (Ersoy and Çelik 2002). In other words, zeolite tends to “neutralise” 244 
the aqueous medium by attracting the H+ from the solution onto the surface of particles.  245 
In the case of the measurements at the acidic medium, the initial pH value of DI water 246 
was adjusted to 2 by adding 0.1 M HCl solution, and then the zeolite particles were added 247 
into the water. The pH of the suspension increased to 2.4 in first 2 min, and reached to 248 
equilibrium of approximately pH 2.9 within 120 min. Since Al3+ ions located in the 249 
octahedral sheets were conducive to ion exchange, they could move into the solution. Indeed, 250 
as the pH was made more acidic, dealumination process occurred during the measurements.  251 
Finally, in the case of the measurements in the basic medium, like the previous 252 
experiments, the initial pH of the water was adjusted to 11.5 by adding 0.1 M NaOH solution 253 
first, and then the particles were added into the solution. The pH of the suspension decreased 254 
to 11.27 in 2 min, and reached to pH 10.5 in 120 min. The decrease of the suspension pH 255 
may be associated with i) the OH- in the solution adsorbed onto the positive charge locations, 256 
which are present on the surface of zeolite particles and come out during the grinding process 257 
as a result of the breaking of bonds, and/or ii) the transfer (desorption) of the H+ ions from –258 
SiOH groups in the lattice to free OH- ions from H2O in the suspensions. Alternatively, the 259 
pH decrease by adding 0.1 M NaOH solution may be the ionic exchange of Na+ from solution 260 
with H+ from the zeolite which was observed in our previous studies [6]. 261 
4.3 Experimental results for zeta potential  262 
Since the cation exchange capacity (CEC) of zeolite mainly results from the 263 
permanently negative surface charge, zeta potential of acid activated zeolite is an interesting 264 
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parameter to be tested. As shown in Figure 4, zeta potential of natural and acid activated 265 
zeolite became more negative with increasing pH from 2 to 10. However, the range of the 266 
zeta potential became more negative charged with increasing the acid concentration. In the 267 
first instance, zeta potential became more negative after being activated by sulphuric acid 268 
with concentration up to 0.1 M. With further increase in sulphuric acid, the zeta potential 269 
generally became less negative. At 5 M of sulphuric acid, the change in zeta potential versus 270 
pH was not significant. In the neutral pH environment (pH 7), the most negative charge can 271 
be detected on the zeolite surface activated by 0.1 M sulphuric acid.    272 
Examining structure of the zeolite electrical double layer (EDL) relevant for the zeta 273 
potential measurements shows that H+ plays an important role of counter-ions in EDL, which 274 
adsorb onto the zeolite surface as a charge reversal in the inner Helmholtz plane (IHP) of the 275 
Stern layer.  OH- adsorbs onto the outer Helmholtz plane (OHP) between the Stern layer and 276 
diffuse layer. The dealumination process of zeolite occurred during the acid activation 277 
process was discussed in our previous study [6]. The dealumination is assumed as the main 278 
reason for increase in the zeolite surface charge and cation exchange capacity due to 279 
increasing defects in the zeolite crystal structure and lattice. It results in increasing numbers 280 
of charge vacancies. Therefore, it can be assumed that increasing H+ adsorbed in IHP due to 281 
increasing zeolite crystal defects is established after dealumination. The dealumination 282 
process is confirmed by analysing the zeta potential results using the GSG double-layer 283 
model which is shown below.  284 
4.4 Comparison of experimental results with model prediction 285 
The simplified GSG theory has been applied to the zeta potential measurements of 286 
natural and acid activated zeolite samples as shown in Figure 5. The black symbols are the 287 
experimental data. The red curves present the model for zeta potential of each acid activated 288 
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zeolite samples. The dashed lines show the upper and lower bounds of 95% confidence of the 289 
model predictions [20]. The model curves were obtained by optimising the model parameters:290 
Al Si BAl Al Si Si, , , , ,  and pK pK pK pK n n n+ − + −  to fit the experimental data by non-linear regression 291 
analysis. The regression analysis best fits the model results with the experimental data by 292 
minimization of the sum, Q, of residual squares which is calculated as follows: 293 
  ( )22model exp model, exp,
0=
= − = −∑
N
i i
i
Q ζ ζ ζ ζ
 (18) 294 
where ζ with the appropriate subscript describes the model and experimental zeta potential 295 
measured at different pHs and 
expAlC C− describes the norm of the column vector 296 
( )model exp−ζ ζ . The sum of residual squares was minimized by changing the seven model 297 
parameters using the Levenberg–Marquardt method [21]. The numerical codes were written 298 
and could be run using Excel or Matlab.  299 
The change of surface site densities and dissociation constants obtained by the 300 
regression analysis are also shown in Figure 6. The surface site density of Si (nSi) shows a 301 
significant increase after 1 M and higher sulphuric acid concentration (i.e., from 0.34 to 0.93 302 
mol/m2), which can support the broken Si-O-Si bond hypothesis. Meanwhile, nAl has a 303 
significant increase from 0.0022 to 0.016 mol/m2 after 0.1 M acid activation. It may be due to 304 
the same reason for the change in the Si active sites: The O-Al-O bond was broken by the 305 
acid activation but the acid was not strong enough yet to remove the Al active sites from the 306 
main structure. Then the density of Al active sites decreased gradually to 0.011 mol/m2 at 5 307 
M acid activation. This change supports the dealumination process underlying the acid 308 
treatment and activation process. It also indicates the decrease of Al surface site density, 309 
playing a leading role in changing in the whole surface permanent negatively charged 310 
density. Thus, the total surface site density (nB) also follows the same trend, indicating that 311 
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somehow the permanent negatively charged sites of the zeolite sample was slightly destroyed 312 
and removed by the acid treatment and activation.  313 
 Since pK is the negative logarithm of dissociation constant K, high value of pK 314 
indicates low value of K. With the acid concentration increasing from 0 to 5 M, the pKAl+ 315 
decreased from 11 to 7.8 and the pKAl- increased from 3 to 9. It shows that the AlOH site 316 
increased after acid activation by observing the order of magnitude of KAl+ increased from -317 
11 to -7.8. The order of magnitude of KAl- decreased from -3 to -9 means the AlO- sites were 318 
significantly decreased on the zeolite surface. Generally, the pKSi+ and pKSi- decreased with 319 
the acid concentration increasing from 0 to 5 M, except they both slightly increased at 1 M 320 
acid concentration, which corresponded to a slight decrease in pKAl+. It may indicates that the 321 
dissociation reaction of AlOH2+ site could affect the dissociation reaction of many Si sites, 322 
and that the dissociation reaction of Al sites could occur prior to the dissociation reaction of 323 
Si sites. This can explain why the Al could easily be removed by acid treatment and 324 
activation rather than Si. The general trend of decreasing pKSi+ and pKSi- shows that Si was 325 
the dominating element on the zeolite surface after the dealumination process by acid 326 
activation. 327 
5. Conclusions 328 
The experimental and modelling results obtained this study showed that the surface 329 
properties of clinoptilolite type of natural zeolite can be affected by sulphuric acid treatment 330 
and activation. The surface became more negative at low acid concentration (< 0.1M). The 331 
surface potential then reversed back and became more or less pH independent at high acid 332 
concentration (5 M). The results obtained from these studies evidently show that 333 
dealumination is the main reason for the increase in surface charge of the zeolite. The Gouy-334 
Stern-Grahame model has been developed and applied to model the zeta potential of natural 335 
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and sulphuric acid activated clinoptilolite samples in a range of pH 2 to 10. The modelling 336 
has confirmed that the dealumination process has occurred by the acid activation of the 337 
natural zeolite samples. The modelling results show that with increasing acid concentration 338 
the surface density of aluminium active sites nAl decreased and the density of silicon active 339 
sites nSi increased. The acid treatment and activation decreased the density of permanent 340 
negatively charged sites nB, indicating the zeolite surface was less negative and was slightly 341 
destroyed and removed by the acid treatment and activation. The hydrogen ions were also 342 
adsorbing onto the negative charged surface sites, reducing the surface potential and charge 343 
density. The adsorbed hydrogen ions could be very useful for neutralising bicarbonate ions in 344 
CSG water thereby reducing its pH [6]. The results of pK values of the Al and Si sites shows 345 
the dissociation reaction of Al sites might occur prior to Si sites, which could be the reason 346 
for the dealumination process of acid activation of the natural zeolite.   347 
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Table 1. Chemical composition (%) of natural zeolite sample 
 
SiO2 TiO2 Al2O3 Fe2O₃ MnO MgO CaO Na2O K2O P2O5 LOI* SO3 Total 
68.26 0.23 12.99 1.37 0.06 0.83 2.09 0.64 4.11 0.06 8.87 0.49 100 % 
*LOI: Loss on Ignition. 
 
Table 2. Typical particle sizes (10, 50 and 90 % passing) of natural zeolite samples used  
Products 
Particle Size (micron) 
d10  d50  d90  
Received Natural Zeolite 6.3 47.8 117 
Ground Natural Zeolite 1.7  16.1 42.3 
 
 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
1 
 
 
 
 
 
 
 
 
 
Figure 1. Dissociation of Si (Al) sites and charge development within zeolite structure 
 
 
Figure 2. XRD spectrum of natural clinoptilolite type zeolite 
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Figure 1. Transient pH profiles of suspensions of natural zeolite sample. 
 
 
Figure 2. Zeta potential-pH profile of natural and acid modified zeolites. Solid lines are a 
guide to the eye. 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
3 
 
 
 
 
 
 
Figure 5. Experimental data (points) and model curves (lines) with upper and lower bounds 
(dashed lines) of 95% confidence for electrophoretic zeta potential of natural zeolite and 
treated zeolite by sulphuric acid of concentration up to 5 M. 
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Figure 6. Change of natural and acid modified zeolite surface site densities and dissociation 
constants with the acid concentration. Solid lines are a guide to the eye. 
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